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Summary
The FDC-specificmolecular signals required in the for-
mation of FDC networks, B cell follicles, and germinal
centers (GCs) have remained poorly understood. We
used FDC-specific gene targeting to investigate the
functionofp55TNFRand IKK2 in lymphoidorganstruc-
ture and function. Here we show that FDC-specific ex-
pression of p55TNFR is necessary and sufficient to
promote FDC network and B cell follicle formation, re-
store the expression of CXCL13 and VCAM-1/ICAM-1
in FDCs, and lead to productive GCs. Notably, FDC-
specific disruption of IKK2 does not affect formation
of FDC networks. Yet, after antigen engagement or im-
mune complex (IC) deposition, FDCs lacking IKK2 fail
to upregulate VCAM-1 and ICAM-1, and GCs remain
sterile. Thesefindingsdemonstrate that IKK2-indepen-
dent function of p55TNFR on FDCs is sufficient to sup-
port the development of FDC networks and GCs, while
FDC-specific IKK2 is indispensable for the generation
of efficient humoral immune responses.
Introduction
Follicular dendritic cells (FDCs) are found restricted to B
cell follicles within secondary lymphoid tissues where
they function to support T cell-dependent (TD) humoral
immune responses. FDCs capture and retain immune
complexes (ICs), process ICs into high immunogenic
IC-coated bodies (iccosomes), block the apoptosis of
antigen-specific GC B cells, and contribute to the gener-
ation of high-affinity recall responses (Tew et al., 2001).
In vitro studies have shown that adhesion molecules
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aklion 711-10, Crete, Greece.such as VCAM-1 and ICAM-1 on FDCs are important
for the physical contact between FDCs and GC B cells
(Freedman et al., 1990; Koopman et al., 1994). This
VCAM-1- and ICAM-1-mediated contact enables FDCs
to deliver survival signals to GC B cells probably through
the 8D6 protein and membrane bound IL15 (Li et al.,
2000; Park et al., 2004; Zhang et al., 2001). However,
the specific ligands, receptors, and intracellular signals
that drive FDC development, activation, and function
have remained unclear.
Several members of the TNF ligand and receptor
superfamilies, as well as NF-kB-dependent gene ex-
pression, control development and organization of sec-
ondary lymphoid organs (Bonizzi and Karin, 2004;
Pasparakis et al., 1996a; Weih and Caamano, 2003).
Analysis of secondary lymphoid organ structure in
TNF- and p55TNFR-deficient mice has shown that B
and T lymphocyte homing occurs normally, resulting in
lymphocyte segregation into distinct B/T cell compart-
ments. However, organized B cell follicles and FDC net-
works fail to form (Endres et al., 1999; Matsumoto et al.,
1996; Pasparakis et al., 1996b, 1997). In the spleen, B
cells are distributed in a lose ring within white pulp nod-
ules surrounding T cell areas. Furthermore, a large num-
ber of dendritic-shaped cells, stained with FDC-specific
markers and able to trap immune complexes, are ac-
cumulating within the marginal zone of Tnf2/2 or
p55TnfR2/2 mice (Pasparakis et al., 2000). The absence
of FDC networks in mice lacking TNF or the p55TNFR
causes profound defects in GC formation, antibody se-
cretion, and recall responses to TD antigens (Matsumoto
et al., 1996; Pasparakis et al., 1996b). Further studies em-
ploying reciprocal reconstitution experiments have es-
tablished that FDC development requires TNF produc-
tion by lymphocytes, in particular B cells (Endres et al.,
1999). Similar experimental approaches have also
shown that in order to establish organized FDC net-
works, the p55TNFR needs to operate in radio-resistant
stroma cells (Matsumoto et al., 1997; Tkachuk et al.,
1998). It has remained unclear, however, whether
p55TNFR function is cell autonomous for the FDC.
The importance of nuclear factor-kB (NF-kB) activa-
tion by the classical and alternative pathways in early de-
velopment and maintenance of secondary lymphoid or-
gans has been thoroughly reviewed (Bonizzi and Karin,
2004; Weih and Caamano, 2003). Signaling through
p55TNFR, IL-1R, or TLRs activates the classical NF-kB
pathway involving the IKK2 (IKKb)/NEMO (IKKg) com-
plex and the nuclear translocation of the p50:RelA heter-
odimers. CD40, LTbR, or BAFF-R signaling activates the
kinases NIK and IKK1 (IKKa) followed by processing of
p100 to p52 and subsequent nuclear translocation of
p52:RelB heterodimers. The two pathways seem to co-
ordinate the expression of distinct or partially overlap-
ping genes. So far, the classical IKK2/NEMO pathway
is shown to be involved in the expression of inflammatory
and innate immune genes, while the alternative IKK1/NIK
pathway is associated with the expression of genes
involved in the development and maintenance of sec-
ondary lymphoid organs. In this model, the alternative
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p55TNFR signaling (Dejardin et al., 2002). Indeed, in in-
flammatory and innate responses, many functions of
TNF are mediated by classical NF-kB activation. For in-
stance, TNF/p55TNFR-mediated activation of the classi-
cal pathway controls bacterial and parasitic infections,
induces inflammatory cytokines, chemokines, and adhe-
sion molecules, and even participates in antagonistic ef-
fects on the apoptotic branch of TNF/p55TNFR signaling
(Karin and Lin, 2002). Direct evidence on the functional
segregation of IKK1- and IKK2-mediated signals comes
mainly from in vitro studies, where both TNF and anti-
LTbR trigger IKK-mediated phosphorylation of IkBa,
while the ligation of LTbR but not of the p55TNFR in-
duced IKK1-associated p100 kinase activity (Dejardin
et al., 2002). On the other hand, in vivo studies revealed
normal FDC networks in c-Rel- and p50-deficient mice,
but such networks were absent in NIK-, IKK1-, p52-,
and RelB-deficient mice (Caamano et al., 1998; Franzoso
et al., 1998; Poljak et al., 1999; Sha et al., 1995; Weih et al.,
2001; Yamada et al., 2000). The role of RelA in the devel-
opment of secondary lymphoid organs is less well under-
stood because of the embryonic lethality of the RelA
knockout mice (Alcamo et al., 2001, 2002). In addition,
due to the multiple physiological defects of mice with
mutations in different components of the NF-kB signal-
ing pathways, specific cellular and molecular hierarchies
driving FDC development and function have not been es-
tablished.
In an attempt to dissect the FDC-specific molecular
signals contributing to secondary lymphoid organ de-
velopment and function, we used FDC-specific gene
targeting. First, a nonfunctional p55TNFR allele was en-
gineered to be reactivated specifically in FDCs by Cre-
loxP-mediated recombination. In addition, the FDC-
specific role of IKK2 was investigated by conditional
ablation of IKK2 in FDCs. The results show that
p55TNFR function in FDCs is sufficient to support for-
mation of functional FDC networks and GCs, while FDC-
specific IKK2 is indispensable for affinity maturation and
the generation of an efficient humoral immune response.
Results
CD21Cre and p55TNFRcneo Mice
To study FDC-specific gene function, we used trans-
genic mice expressing Cre recombinase under the con-
trol of the CD21 locus (CD21-Cre) (Kraus et al., 2004),
which directs expression in mature B cells and in FDCs.
The specificity and efficiency of Cre recombination was
assessed in crosses with the ROSA26floxed (ROSA26FL)
and Z/EGFP reporter transgenic lines (Novak et al.,
2000; Soriano, 1999). PCR analysis of DNA isolated
from various tissues of CD21-Cre ROSA26FL/+ mice
showed efficient cre-mediated recombination in the
spleen and LNs (Figure 1A). LacZ staining of spleen sec-
tions from CD21-Cre ROSA26FL/+ mice showed Cre-
mediated recombination in FDCs and B cells; however,
upon adoptive transfer of wild-type bone marrow cells
into irradiated CD21-Cre ROSA26FL/+ mice, Cre recom-
bination was detected specifically on FDCs (Figure 1B).
The efficiency of recombination was measured by
FACS analysis of CD21-Cre Z/EGFP+/2 mice, showing75% and 96% recombination in B cells and FDCs, re-
spectively (see Figure S1 in the Supplemental Data avail-
able with this article online). These results show that the
CD21-Cre mouse may be used as a tool to investigate
gene function in FDCs.
To study the cell-specific function of the p55TNFR,
we have generated mutant mice carrying a conditional
gain-of-function allele for this receptor by introducing
a loxP-flanked neomycin-resistance cassette in intron
5 of the murine p55TnfR gene (p55TnfRcneo; Figure 1C).
p55TNFR expression is inhibited by the presence of the
neomycin cassette but is restored upon Cre-mediated
neo excision (Figure S2A). To investigate the function
of p55TNFR on FDCs, we bred CD21-Cre transgenic
with p55TnfRcneo mice. To enhance the efficiency of
Cre-mediated activation, we used heterozygous mice
carrying one p55TnfRcneo and one p55TnfRnull allele
(Rothe et al., 1993) (CD21-Cre p55TnfRcneo/2 mice).
Southern blot analysis of DNA isolated from various tis-
sues of CD21-Cre p55TnfRcneo/2mice showed recombi-
nation specifically in spleen and lymph nodes (Figure
S2B). To assess the Cre-mediated excision of the floxed
neo cassette and the subsequent activation of p55TNFR
expression in FDCs, we used sequential MACS separa-
tion and FACS sorting to isolate FDCs to 95% purity (Fig-
ures S2C–S2E). PCR analysis of DNA isolated from FDCs
of CD21-Cre p55TnfRcneo/2 mice showed efficient Cre-
mediated recombination (Figure 1D), and FACS analysis
revealed the expression of normal levels of p55TNFR on
FDCs from these mice (Figure S2F). Additionally, we ex-
amined spleens, LNs, and PPs from p55TnfRD/2,
p55TnfRcneo/2, CD21-Cre p55TnfRcneo/2, and CD21-
Cre p55TnfR2/2mice for primary or secondary FDC net-
works and for GC formation after immunization with
sheep red blood cells (SRBC) (Figure 1E and data not
shown).CD21-Cre p55TnfRcneo/2mice displayed normal
architecture in all secondary lymphoid organs with cor-
rect formation of FDC networks and germinal centers,
suggesting that expression of p55TNFR on FDCs and B
lymphocytes is sufficient to restore the development
and function of FDC networks.
FDC-Specific Reactivation of p55TNFR Repairs
Primary FDC Network and B Cell Follicle
Defects in Spleen, LNs, and PPs
As noted above, the CD21-Cre transgene promotes re-
combination in both FDCs and B lymphocytes. To re-
strict p55TNFR expression on FDCs, we performed
adoptive transfer of BM cells derived from p55TnfR2/2
mice into irradiated wt, p55TnfRD/2, CD21Cre
p55TnfRcneo/2, p55TnfR2/2, p55TnfRcneo/2, and
CD21Cre p55TnfR2/2 mice. Spleens and lymph nodes
from these BM-chimeric mice were examined by immu-
nohistochemistry 3 months after BM transfer (Figure
2A). As shown previously (Matsumoto et al., 1997), wild-
type mice reconstituted with BM cells from p55TnfR2/2
mice showed normal splenic architecture, while
p55TnfR2/2 recipients of p55TnfR2/2 BM failed to de-
velop FDC networks and B cell follicles, with B cells ac-
cumulating in ring-like structures in the periphery of the
T cell zones (Matsumoto et al., 1997; Tkachuk et al.,
1998). Moreover, in accordance with our previous report
(Pasparakis et al., 2000), FDC-like cells were found to be
retained within the marginal zone. However, CD21Cre
p55TNFR and IKK2 in FDCs
67Figure 1. Generation and Characterization of Mutant Mice
(A) PCR analysis of DNA isolated from various tissues of CD21-Cre ROSA26FL/+ mice shows Cre-mediated recombination specifically in spleens
and LNs.
(B) Analysis of b-galactosidase expression in spleens of CD21-Cre ROSA26FL/+ or a wt/CD21-Cre ROSA26FL/+ mouse shows Cre recombina-
tion specifically in FDCs and B cells, or FDCs, respectively.
(C) Diagram showing the wild-type p55TnfR genomic locus (wt), the loxP flanked neo-cassette-containing (cneo), and the activated defloxed (D)
p55TNFR alleles. Filled boxes indicate exons. Restriction enzyme sites and the location of the probe used for Southern blot analysis are de-
picted. BamHI (B) fragments are in kilobases. Arrowheads indicate LoxP sites.
(D) Efficient Cre-mediated recombination is detected by PCR analysis of DNA from isolated FDCs of CD21-Cre p55TnfRcneo/2 mice in compar-
ison with tail DNA of the indicated control mice.
(E) Immunohistochemical analysis of spleen sections from wt, p55TnfRD/2, CD21-Cre p55TnfRcneo/2, p55TnfR2/2, p55TnfRcneo/2, and
CD21-Cre p55TnfR2/2 mice.p55TnfRcneo/2 recipients receivingp55TnfR2/2BM man-
ifested normal splenic structural organization with typi-
cal FDC networks and B cell follicles. In addition to de-
fects in the splenic structure, p55TNFR deficiency
results in the absence of FDCs in LNs and PPs with con-
sequent abnormalities in the compartmentalization of B
lymphocytes (Neumann et al., 1996; Pasparakis et al.,
1997). In contrast to p55TnfR2/2, p55TnfRcneo/2, and
CD21-Cre p55TnfR2/2 recipients, LNs and PPs from
CD21Cre p55TnfRcneo/2 recipients developed FDCs sur-
rounded by well-organized B cell follicles (Figure 2A and
data not shown). These results demonstrate that expres-
sion of p55TNFR specifically on FDCs is sufficient to re-
store formation of FDC networks and B cell follicles and
suggest that p55TNFR-mediated signals play an essen-
tial cell-autonomous role in the development of FDC
networks.Restored Chemokine Expression in Mice Expressing
p55TNFR on FDCs
The structure of secondary lymphoid organs is estab-
lished and maintained by chemokines, whose expres-
sion is dependent on LTs/TNF and their receptors
(Cyster, 1999, 2003; Ngo et al., 1999, 2001). CXCL13
(BLC) is greatly reduced in the spleens of p55TNFR-de-
ficient mice, correlating with the lack of organized B cell
follicles, while the production of T cell area-derived
CCL19 (ELC) and CCL21 (SLC) is partially affected (Ngo
et al., 1999). To evaluate whether FDC-specific expres-
sion of p55TNFR restores chemokine production in the
spleen, we measured the expression levels of CXCL13,
CCL19, and CCL21 in spleens of BM-chimeric mice by
semiquantitative RT-PCR. In agreement with previous
reports, p55TNFR deficiency shows a marginal effect
on CCL19 and CCL21 production, while it leads to
Immunity
68Figure 2. FDC-Specific Expression of p55TNFR Repairs the Structure of Secondary Lymphoid Organs and Reconstitutes CXCL13 Chemokine
Production
Irradiated recipients (5 mice per group) received BM cells from p55TnfR2/2.
(A) Three months later, mice were examined for B cells (B220+, brown), FDCs (CD35+, blue), and MMMs (MOMA-1+, brown) by immunohisto-
chemistry.
(B) Total splenic RNA was subjected to semiquantitative RT-PCR in 2-fold serial dilution for CXCL13, CCL19, CCL21, and GAPDH. Data are ex-
pressed in percentage of wt control as mean 6 SE. Statistical analysis for significant differences was performed with two-tailed unpaired Stu-
dent’s t test (a, p < 0.01 compared to p55TnfR2/2/wt; b, p < 0.001 compared to p55TnfR2/2/wt; c, p < 0.0001 compared to p55TnfR2/2/wt;
d, p < 0.001 compared to p55TnfR2/2/ p55TnfRcneo/2).a significant downregulation of CXCL13 (Figure 2B).
CXCL13 gene expression was substantially increased
in CD21-Cre p55TnfRcneo/2 mice reconstituted with
p55TnfR2/2 BM cells, compared to the p55TnfR2/2,
p55TnfRcneo/2, and CD21-Cre p55TnfFR2/2 recipients.
These findings demonstrate that p55TNFR-instigated
signals on FDCs are sufficient to promote the produc-
tion of CXCL13, a chemokine essential for the genera-
tion of normal splenic architecture.Germinal Center Formation, Adhesion Molecule
Expression, and IgG Responses Require p55TNFR
Expression on FDCs
Mice with p55TNFR deficiency fail to produce GCs, re-
sulting in impaired IgG responses to T cell-dependent
(TD) antigens (Le Hir et al., 1996; Pasparakis et al.,
2000; Tkachuk et al., 1998). To evaluate if, in addition to
restoring FDC network and primary B cell follicle forma-
tion, FDC-specific expression of p55TNFR is sufficient to
p55TNFR and IKK2 in FDCs
69Figure 3. Correct Formation of FDC Networks and Productive GCs in Mice Expressing p55TNFR Specifically on FDCs
Irradiated recipients (5 mice per group) were reconstituted with BM cells from p55TnfR2/2 donors. Three months later, mice were immunized i.p.
with SRBCs.
(A) Splenic sections that obtained 7 days postsecondary immunization were stained for B cells (B220+, brown), FDCs (CD35+, blue), and GCs
(PNA+, brown).
(B) Splenic sections that obtained 6 days postprimary immunization were stained for VCAM-1 (CD106+, brown), ICAM-1 (CD54+, brown), and
FDCs (CD35+, blue).
(C) Serum anti-SRBC IgG antibodies were quantitated by ELISA 7 days postsecondary immunization. Data are expressed in arbitrary units (A.U.)
as mean 6 SE of five mice per group. Statistical analysis for significant differences was performed by two-tailed unpaired Student’s t test.support TD immune responses, we immunized mice re-
constituted with BM cells from p55TnfR2/2 mice with
SRBC. Mice expressing p55TNFR exclusively on FDCs
showed normal development of GCs and secondaryFDCs in the spleen (Figure 3A and data not shown). The
firm contact between B cells and FDCs that is estab-
lished by VLA-4/VCAM-1 and LFA-1/ICAM-1 interactions
is important for the survival of antigen-specific B cells in
Immunity
70the GC (Freedman et al., 1990; Koopman et al., 1991,
1994, 1997; Lindhout et al., 1993). Upon immunization,
only mice expressing p55TNFR specifically on FDCs
showed normal upregulation of VCAM-1 and ICAM-1
on FDCs (Figure 3B), suggesting that FDC-specific ex-
pression of p55TNFR efficiently restored adhesion inter-
actions between GC B cells and FDCs. Furthermore,
these mice elicited an IgG response against SRBC
(Figure 3C), demonstrating that FDC-specific p55TNFR
signaling is sufficient to restore functional GC formation
and TD antibody responses.
IKK2 in FDCs Is Dispensable for the Formation
of FDCNetworks but Essential for Affinity Maturation
and Antibody Production
To investigate the role of IKK2 in the development and
function of FDCs, we crossed CD21-Cre with mice car-
rying a conditional ‘‘floxed’’ Ikk2 allele (Ikk2FL) (Paspar-
akis et al., 2002a). PCR analysis of DNA isolated from
FDCs from CD21-Cre Ikk2FL/FL mice showed efficient
Cre-mediated recombination (Figure S3A). Moreover,
CD21-Cre Ikk2FL/FL-derived FDCs exhibited impaired
NF-kB activation in response to human TNF (Figure
S3B). To restrict IKK2 deficiency in FDCs, we reconsti-
tuted lethally irradiated CD21-Cre Ikk2FL/FL and control
recipients with wild-type BM cells. Interestingly, sec-
ondary lymphoid organs from reconstituted CD21-Cre
Ikk2FL/FL mice (Ikk2FDCko) showed no structural abnor-
malities (Figure 4A). B and T cell segregation was nor-
mal, primary B cell follicles were well formed in the vicin-
ity of FDCs, and GCs were produced in the spleen
Ikk2FDCko (Figure 4B). This finding suggests that FDC-
specific IKK2-mediated signals are not required for the
development of FDC networks. However, the possibility
of a delay in the deletion of IKK2 compared to the timing
of the required p55TNFR signal can not be excluded. Al-
ternatively, a small percentage of FDCs may escape
from IKK2 deletion. Both of these situations can equally
lead to the establishment of FDC networks.
Ikk22/2mice suffer from embryonic lethality, but these
mice are rescued in a p55TNFR-deficient background (Li
et al., 1999). Analysis of p55TnfR2/2 Ikk22/2 newborn
mice revealed a partial decrease in the numbers of
lymphocytes and normally formed spleen (Senftleben
et al., 2001). To clarify the role of IKK2 in the development
of FDCs, we intercrossed p55TnfRcneo/cneo Ikk2+/2 with
CD21-Cre p55TnfR2/2 Ikk2+/2 to obtain CD21-Cre
p55TnfRcneo/2 Ikk22/2 mice. In these mice, the deletion
of IKK2 is complete in all cell types, and p55TNFR is
expressed in B cells and FDCs. In addition, IKK2 deletion
precedes the required p55TNFR signal in FDCs. Since
double-deficient mice are dying in the first postnatal
month (Li et al., 1999), we assayed for FDC networks
on postnatal day 15. FDCs were still present in CD21-
Cre p55TnfRcneo/2 Ikk22/2 mice, although they were ex-
tremely fewer in numbers and smaller in size compared
to wt controls (Figure 4C). The overall results demon-
strate that IKK2 is dispensable and an IKK2-independent
function of p55TNFR is sufficient to support formation of
FDC networks.
Although GCs were generated, IgG affinity maturation
and antibody production were impaired in Ikk2FDCko
mice compared to controls (Figure 5A). This result was
not due to intrinsic defects in B cell compartment, sincethorough FACS analysis of splenocytes showed that dif-
ferent leukocyte populations were equally reconstituted
in both Ikk2FDCko and Ikk2FDCwt mice (Figure S4). In addi-
tion, the developmental defects of IKK2-deficient B
lymphocytes (Pasparakis et al., 2002b) in CD21-Cre
Ikk2FL/FL mice were completely rectified in Ikk2FDCko
mice.
IKK2 Ablation in FDCs Leads to the Defective
Expression of Adhesion Molecules, Increased
Apoptosis in GCs, and Broad Inhibition
in Transcriptional Factors of GC B Cells
The absence of developmental and structural abnormal-
ities in mice with IKK2 deficiency in FDCs suggested that
an inadequate interaction between FDCs and B cells
could be the cause of the minimal IgG production and im-
paired affinity maturation of Ikk2FDCko mice. To substan-
tiate these findings, SRBC-immunized mice were exam-
ined for GC formation by immunohistochemical and
FACS analysis. Ikk2FDCko mice were capable of initiat-
ing a germinal center reaction upon immunization (Fig-
ure 4B), but the frequency of GC B cells (B220+PNA+)
was notably reduced compared to control mice (Fig-
ure 5B). The reduction of GC B cells in Ikk2FDCko mice
indicated that antigen-specific B lymphocytes failed to
expand within GC environment. Fluorometric TUNEL
assay on B220+PNA+ cells (Figure 5B) or in situ TUNEL
assay on spleen sections (Figure 5C) from immunized
mice demonstrated that GC B cells from Ikk2FDCko mice
underwent an extensive apoptosis compared to control
mice.
Recently, the function of specific transcription fac-
tors, which determine germinal center and postgerminal
center B cell developmental decisions, has been de-
scribed (Calame et al., 2003). To investigate the impact
of FDC-specific IKK2 deficiency on the expression of
such transcription factors, total RNA was isolated from
FACS-sorted B220+PNA+ splenocytes (Figure S5A).
Real-time RT-PCR analysis showed that IKK2 deficiency
in FDCs resulted in a significant decrease of various fac-
tors regulating distinct differentiation stages of B cells
including Bcl-6, PAX5, Blimp-1, XBP-1, c-myc, CIITA,
and AID (Figure 5D and Figure S5B).
Initially, FDCs participate in GC reactions by the cap-
ture of antigens in immune complex form (IC) mediated
by complement receptors and Fcg receptors. Subse-
quently, antigen-specific follicular B lymphocytes are
exposed to immunogenic ICs on FDCs and they estab-
lish a GC reaction. We therefore tested the capacity of
FDCs to trap ICs in Ikk2FDCko mice (Figure 6A and
Figure S6). No significant difference in IC trapping could
be detected between Ikk2FDCko and control mice, sug-
gesting that in supporting antibody responses, FDC-
specific IKK2 acts downstream of IC capture and Fc or
complement receptor activation.
After IC trapping and activation of antigen-specific fol-
licular B cells, FDCs block the apoptosis of GC B cells by
establishing a firm contact with them through VCAM-1
and ICAM-1 (Freedman et al., 1990; Koopman et al.,
1991, 1994, 1997; Lindhout et al., 1993). We have there-
fore investigated possible defects in cognate FDC/GC B
cell interactions caused by the IKK2 deficiency in FDCs.
Immunohistochemical examination of spleen sections
from SRBC-immunized mice revealed that in contrast
p55TNFR and IKK2 in FDCs
71Figure 4. IKK2-Independent Function of p55TNFR in FDCs Is Sufficient to Support Formation of FDC Networks
Immunohistochemical analysis of indicated cell markers on splenic sections (A) nonimmunized Ikk2FDCwt and Ikk2FDCko mice, (B) Ikk2FDCwt and
Ikk2FDCko mice after immunization with SRBCs, and (C) 15-day-old wt, p55TnfRcneo/2Ikk22/2, and CD21-Cre p55TnfRcneo/2Ikk22/2 mice.to Ikk2FDCwt mice, FDCs of Ikk2FDCko mice failed to upre-
gulate both VCAM-1 and ICAM-1 (Figure 6B). Very simi-
lar defects in the expression of VCAM-1 and ICAM-1were obtained when mice were passively immunized
with preformed PAP ICs (Figure 6C). Activation of IKK1
and IKK2 is controlled by their phosphorylation in the
Immunity
72Figure 5. Loss of IKK2 in FDCs Results in Defective Humoral Responses
(A) Three months after BM reconstitution, indicated groups of mice were immunized i.p. with SRBCs. Serum anti-SRBC IgG levels and their
avidity were measured 10 days postprimary and 7 days postsecondary immunization (10 mice per group).
(B) B220+PNA+ splenocytes were measured by FACS analysis (10 mice per group) 5 days postsecondary immunization, and the frequency of
apoptotic B220+PNA+ was evaluated by fluorometric TUNEL assay. Data are expressed as mean6 SE. Statistical analysis for significant differ-
ences was performed by two-tailed unpaired Student’s t test.
(C) Splenic cryostat sections (5 mice per group) were subjected to TUNEL assay followed by staining for germinal centers 5 days postsecondary
immunization. Data are expressed as mean6 SE. Statistical analysis for significant differences was performed by two-tailed unpaired Student’s
t test.
(D) Total RNAs from FACS sorted B220+PNA+ splenocytes (96%–98% purity, 3 mice per group) were examined for expression of the indicated
transcription factors by real-time PCR 5 days postsecondary immunization.
p55TNFR and IKK2 in FDCs
73Figure 6. IKK2-Dependent Induction of VCAM-1 and ICAM-1 on FDCs in Response to IC Trapping
(A) Mice were passively immunized with preformed PAP ICs. 24 hr later, ICs and FDCs were visualized as rabbit IgG deposits and FDC-M2+ by
immunofluorescence (5 mice per group).
(B) Splenic sections obtained 6 days postprimary immunization with SRBC were stained for VCAM-1 (CD106+, brown), ICAM-1 (CD54+, brown),
and FDCs (CD35+, blue) (5 mice per group). Data are expressed as mean 6 SE of three independent experiments. Statistical analysis for signif-
icant differences was performed by two-tailed unpaired Student’s t test.
(C) Detection of adhesion molecules ICAM-1 (CD54+, blue), VCAM-1 (CD106+, blue), and PAP ICs (anti-rabbit IgG, brown) on FDCs in the spleen of
mice (5 mice per group), which were passively immunized with PAP ICs 24 hr earlier. (Top, original magnification 3 100; bottom, original mag-
nification 3 200.)activation loop of the kinase domain at serine residues
176/180 and 177/181, respectively (Delhase et al.,
1999). In vitro stimulation of wt FDCs with ICs resulted
in immediate phosphorylation of IKK1 and IKK2 followed
by phosphorylation of IkBa and subsequent activation
of RelA (Figure 7A). In contrast to wt FDCs, phosphory-
lation of IKK2 was absent in IKK2-deficient FDCs, while
no significant difference was observed in phospho-IKK1
levels between wt and IKK2-deficient FDCs. As a control,
we found that total cellular levels of IKK1 were similar in
wt and IKK2-deficient FDCs, whereas total IKK2 was al-
most undetected in IKK2-deficient FDCs. Evidently, de-
fects in the IC-driven phosphorylation of IKK2 resulted in
impaired phosphorylation of IkBa and RelA in IKK2-defi-cient FDCs (Figure 7A). To investigate whether IKK2 is
required for VCAM-1 and ICAM-1 induction in a cell-
autonomous manner in FDCs, we performed compara-
tive analyses of VCAM-1 and ICAM-1 mRNA accumula-
tion after induction of isolated wt and IKK2-deficient
FDCs with preformed ICs. It was indicated that while
stimulation of wt FDCs with ICs resulted in induction of
VCAM-1 and ICAM-1 mRNA, induction of VCAM-1 and
ICAM-1 mRNA was defective in IKK2-deficient FDCs
(Figure 7B). These data demonstrate that IKK2 is re-
quired for the induction of VCAM-1 and ICAM-1 down-
stream of Fc receptors in FDCs and that this mechanism
may be significant in B cell survival and maturation in the
germinal center.
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VCAM-1/ICAM-1 mRNA Expression in IKK2-
Deficient FDCs after Stimulation with ICs
(A) Splenic FDCs were stimulated with 20 mg/
ml of PAP ICs for the indicated time (min).
Whole-cell extracts were Western blotted
for phospho-IKK1/IKK2, phospho-IkBa, and
phospho-RelA. The corresponding mem-
branes were stripped and reprobed with
Abs to the nonphosphorylated forms. Equal
protein loading was confirmed by Western
blotting with Abs against total IKK1, IKK2,
IkBa, and RelA or b-actin.
(B) Splenic FDCs were stimulated with 20 mg/
ml of PAP ICs for 2 hr. Total RNA was ex-
tracted from wt or IKK2-deficient FDCs be-
fore and after stimulation with 20 mg/ml of
PAP ICs for 2 hr. VCAM-1 and ICAM-1 gene
expression was analyzed by real-time PCR.Discussion
We provide genetic evidence that p55TNFR signaling on
FDCs plays an essential cell-autonomous role in the for-
mation of FDC networks and the development of a pro-
ductive germinal center response. In a conditionally en-
gineered p55TNFR-deficient background, FDC-specific
Cre/loxP-mediated reactivation of a p55TNFR allele
proved sufficient for the establishment of FDC networks.
Reappearance of FDCs was associated with the restora-
tion of CXCL13 production and the subsequent correct
formation of B cell follicles. Apart from the rescue of sec-
ondary lymphoid tissue organization, p55TNFR-ex-
pressing FDCs were competent in supporting a TD hu-
moral immune response. Upon immunization, adhesion
molecules participating in interactions between FDCs
and GC B lymphocytes were induced and germinal cen-
ters were generated, resulting in a strong antigen-spe-
cific antibody production. Given that in the absence of
the p55TNFR, FDC-like precursor cells able to trap im-
mune complexes remain at the periphery of B cell folli-
cles (Pasparakis et al., 2000), our present findings sug-
gest that an early function of p55TNFR in secondary
lymphoid organ structural organization is to promote
the maturation of these FDC precursors into chemo-
kine-producing FDC networks, thereby initiating follicu-
lar organization and the germinal center reaction.
It has been proposed that signaling through TNF/
p55TNFR activates the classical pathway involving theIKK2 and NEMO with subsequent nuclear translocation
of p50:RelA heterodimers, while LTbR signals through
both classical and alternative IKK1/p100/NF-kB path-
ways (Bonizzi and Karin, 2004; Weih and Caamano,
2003). Interestingly, our results demonstrate that the
p55TNFR acts independently of IKK2 in the development
of FDCs, since FDC-specific deletion of IKK2 does not af-
fect FDC network formation. Moreover, we show that
mice with complete deletion of IKK2 and restricted ex-
pression of the p55TNFR in B cells and FDCs do develop
FDC networks, confirming that p55TNFR-mediated de-
velopment of FDC networks is indeed IKK2 independent.
One possible explanation for an IKK2-independent sig-
naling of the p55TNFR in the development of FDCs could
be that, in the absence of IKK2, IKK1 partially activates
the classical NF-kB pathway, resulting in p50:RelA trans-
location in the nucleus and the rescue of FDCs. However,
previous studies have also shown that p50 deficiency
has no substantial effect on the development of FDC net-
works (Franzoso et al., 1998; Sha et al., 1995; Weih et al.,
2001), and it may therefore be anticipated that FDC-spe-
cific p55TNFR signaling leading to the development of
FDC networks is IKK2 and p50 independent. An alterna-
tive interpretation is that an NF-kB-independent signal
emanating from the p55TNFR, perhaps through MAPK
activation, is required for proper LTbR signaling through
the alternative pathway leading to upregulation of
CXCL13, whose expression in vitro is induced upon
LTbR activation but not after p55TNFR activation
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findings demonstrate that IKK2 is not essential for sig-
nals such as those from the LTbR that have been shown
to be important in the maintenance of FDC networks and
splenic architecture (Mackay and Browning, 1998), since
these structures persist in the Ikk2FDCko or CD21-Cre
p55TnfRcneo/2 Ikk22/2 mice. Previous studies have also
indicated that TNF and LTa may intersect at the level of
the p55TNFR, and it remains possible that LTa signals
may also contribute to the IKK2-independent develop-
ment of FDC networks (Drayton et al., 2004). Future ex-
periments ablating the expression of further compo-
nents of the TNF/LT/TNFR and NF-kB pathway in FDCs
should delineate the specific signals operating down-
stream of the p55TNFR in the development of FDC net-
works.
Although dispensable for FDC survival and network
formation, IKK2-dependent signals are critical for FDC
activation and function. We show that IKK2 is required
for the IC-driven stimulation of FDCs. The ability of
FDCs to capture ICs is not reduced by IKK2 deficiency,
but IKK2 is critical for induction of VCAM-1 and ICAM-1
expression after in vivo trapping of ICs on FDCs. In
agreement, in vitro stimulation of isolated FDCs with
ICs activates the canonical NF-kB pathway in an IKK2-
dependent fashion, leading to the induction of VCAM-1
and ICAM-1 mRNA. These data indicate that IC-driven
induction of VCAM-1 and ICAM-1 through the canonical
NF-kB pathway is mediated by Fc receptor(s) on FDCs.
Both adhesion molecules play an important role in the
physical contact between FDCs and GC B cells, which
enables a successful germinal center reaction (Freed-
man et al., 1990; Koopman et al., 1991, 1994, 1997;
Lindhout et al., 1993). In the absence of IKK2-dependent
expression of adhesion molecules, the frequency of ap-
optotic GC B cells is increased, suggesting that the in-
teraction of FDCs with GC B cells is suboptimal and
may not sustain GC B cell survival. Moreover, IKK2-de-
ficient FDCs fail to support developmental decisions of
GC B cells, as indicated by their repressed transcrip-
tional program. Lack of IKK2 in FDCs results in de-
creased levels of Bcl-6 and PAX5, which promote GC
B cell differentiation (Dent et al., 1997; Nutt et al., 1999;
Ye et al., 1997), as well as decreased levels of Blimp-1
and XBP-1, which are known to induce plasma cell dif-
ferentiation and Ig secretion (Reimold et al., 2001; Turner
et al., 1994). Notably, expression of AID, which initiates
class switching and affinity maturation (Muramatsu
et al., 1999, 2000), is also strongly reduced in GC B cells
of Ikk2FDCko mice, further explaining impaired affinity
maturation and reduced levels of IgG production. Inter-
estingly, a recent study showed that FDCs do affect
class switching and affinity maturation by promoting
AID expression in GC B cells (Aydar et al., 2005). Future
studies should address in further detail the IKK2-spe-
cific gene expression profiles that lead to the activation
and proper function of FDCs.
Our present data illustrate a critical cell-autonomous
role for p55TNFR in the development of mature FDC net-
works. In addition, we show a novel FDC-specific func-
tion for IKK2 in the regulation of T cell-dependent anti-
body responses. It appears, therefore, that in addition
to regulating inflammatoryand innate immuneresponses,
the classical pathway to NF-kB activation is essential inthe regulation of T cell-dependent humoral immune re-
sponses. Since secondary and tertiary lymphoid tissue
organization and T cell-dependent antibody responses
play important roles in various autoimmune, inflamma-
tory, and infectious disorders, specific inhibition of the
classical NF-kB pathway may not only provide a means
to treat excessive innate responses and inflammation,
but it may also interfere with the propagation of the path-
ogenic humoral immune response.
Experimental Procedures
Gene Targeting and Transgenic Mice
For the construction of the targeting vector for the generation of the
p55cneo allele, a 4.6 kb XbaI/SmaI genomic fragment was used as
the left arm of homology and a 4 kb Sma/HindIII genomic fragment
as the right homology arm. A loxP-flanked neo selection cassette
(L2neo) was introduced into a SmaI site in intron 5 of the p55TNFR
gene between the two arms of homology, and a PGK-tk negative se-
lection marker was introduced at the 30 of the targeting vector.
Transfection, selection, expansion and screening of recombinant
clones, and generation of germline-transmitting chimeras were per-
formed as described (Douni et al., 2004). The CD21Cre transgenic
mice were generated by microinjecting a BAC fragment engineered
to express Cre under the control of the CD21 locus (Kraus et al.,
2004).
Bone Marrow Transfer
BM cells were harvested by flushing femurs and tibias of 3-month-
old male p55TNFR2/2 mice with cold Hank’s Balanced Salts
(HBSS; GIBCO). BM cells were washed, counted, and resuspended
in HBSS. Recipient mice received a lethal total-body irradiation (980
rads) by means of a 137Cs irradiator (Nordion GAMMACELL) and in-
jected intravenously with 1 3 106 BM cells in 0.2 ml HBSS.
Immunizations
Three months after BM transfer, mice were injected i.p. with 108
SRBC in PBS and boosted 15 days after primary immunizations. Se-
rum samples, spleens, LNs, and Peyer’s patches were collected at
the indicated time points after primary or secondary immunizations.
Immunohistochemical Analyses and TUNEL Assay
Spleens, LNs, and Peyer’s patches were harvested at the appropri-
ate times before or after immunizations, and cryostat sections were
subjected to immunohistochemical staining as previously described
(Pasparakis et al., 1997, 2000). B cells, T cells, FDCs, metallophilic
marginal macrophages (MMMs), GCs, and VCAM-1- or ICAM-1- ex-
pressing cells were visualized by rat anti-mouse CD45R/B220 (clone
RA3-6B2; BD PharMingen), hamster anti-mouse CD33 (clone 145-
2C11; BD PharMingen), rat anti-CD35 (CR1; clone 8C12; BD Phar-
Mingen), rat anti-mouse sialoadhesin (clone MOMA-1; Serotec),
HRP-conjugated peanut agglutinin (PNA-HRP; Sigma Chemical
Co., St. Louis, MO), hamster anti-mouse CD54 (clone 3E2; BD Phar-
Mingen), or rat anti-mouse CD106 (clone 429; BD PharMingen), re-
spectively. For the detection of apoptosis, cryostat sections were
subjected to TUNEL staining by the In Situ Cell Death Detection,
AP system (Roche), or Fluorometric TUNEL assay was performed
on cell suspensions (Roche) according to manufacturer’s instruc-
tions.
ELISA for SRBC-Specific Serum Antibodies
and Antibody Avidity
Serum anti-SRBC IgG levels were measured by ELISA as previously
described (Pasparakis et al., 1996b). OD values were converted to
arbitrary units (A.U.) by comparison to a pool of sera, which was ob-
tained after immunization of 10 wt mice with SRBCs. The avidity of
anti-SRBC IgG antibodies was estimated by the use of the chaot-
ropic substance (NH4)2SCN as previously described (Pullen et al.,
1986). The concentration of (NH4)2SCN that causes half-decrease
in the levels of binding IgG antibodies is defined as avidity index.
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Spleens from 10–15 mice were digested in Ca- and Mg-free HBSS so-
lution containing 0.5 mg/ml collagenase IV and 0.1 mg/ml deoxyribo-
nuclease I (Sigma) at 37ºC for 1 hr with gentle agitation. FDCs were
labeled with FDC-specific mAb (FDC-M1, BD PharMingen), and the
FDC-M1+ fraction was collected by MACS column according to the
manufacturer’s specifications (goat anti-rat IgG microbeads, MACS
LS separation columns, Miltenyi Biotec). This step typically yielded
50%–70% FDC-M2+ cells (FDC-M2, ImmunoKontack). The FDC-
M2+ fraction was harvested by FACS sorting in 93% to 97% purity.
Western Blotting
FDCs were stimulated with 20 mg/ml of PAP ICs for various time
points. After stimulation, cells were lysed in a buffer containing 50
mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.2% NP-40, 1 mM EDTA, pro-
tease inhibitor cocktail, and phosphatase inhibitors. 60 mg of lysate
proteins were electrophoresed on SDS-PAGE gel. Blotting was per-
formed with primary Ab against phospho-IKK1(S180)/IKK2(S181),
phospho-IkBa (S32/S36), and phospho-RelA(S276) (Cell Signaling
Technology). Bands were visualized with secondary HRP-conju-
gated Ab and the enhanced chemiluminescence system (Amersam)
according to the manufacturer’s instructions. All blots were subse-
quently stripped with standard stripping solution at 50ºC and were
reprobed with IKK1, IKK2, IkBa, RelA (Cell Signaling Technology),
and goat polyclonal Ab for actin (Santa Cruz Biotechnology) to con-
firm equal loading of samples.
Flow Cytometric Analysis
Single-cell suspensions were prepared from spleens, red blood cells
were excluded by Gey’s lysis solution, and debris was removed by
cell strainer (40 mm, BD Falcon). Cells were stained for a panel of
cell markers by incubation in PBS/BSA for 15 min on ice by titrated
concentrations of reagents (BD PharMingen). Cells were analyzed
on a Coulter EPICS XL-MCL Flow Cytometer (Coulter Co).
Supplemental Data
Supplemental Data include six figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://
www.immunity.com/cgi/content/full/24/1/65/DC1/.
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